still bear a similar channel-forming motif (Pauptit et al., 1991; 2 To whom correspondence should be addressed Kreusch and Schulz, 1994) . All these porins form three waterEach monomer of the trimeric outer membrane porin filled channels per trimer, the functional unit of the proteins PhoE of Escherichia coli consists of a 16-stranded β-barrel in the outer membrane. In each monomer, sixteen β-strands with short turns at the periplasmic side and large loops at span the outer membrane and form a barrel with short turns the cell surface. One of these loops, L3, is folded inside the at the periplasmic side and large loops at the outside of the β-barrel and forms a constriction within the channel.
. All these porins form three waterEach monomer of the trimeric outer membrane porin filled channels per trimer, the functional unit of the proteins PhoE of Escherichia coli consists of a 16-stranded β-barrel in the outer membrane. In each monomer, sixteen β-strands with short turns at the periplasmic side and large loops at span the outer membrane and form a barrel with short turns the cell surface. One of these loops, L3, is folded inside the at the periplasmic side and large loops at the outside of the β-barrel and forms a constriction within the channel.
cell. Unlike the other loops, the third loop, L3, is not exposed Therefore, it is assumed to play an important role in the at the cell surface but folds into the barrel, forming a constricpermeability properties of this general diffusion pore.
tion zone at half the height of the channel. Therefore, this Several site-directed mutations were introduced in loop L3
loop may contribute significantly to permeability properties, to investigate its function. The loop L3 contains a short α-such as exclusion limit and ion selectivity, of the pore. At the helix and, at the tip of the loop, a highly conserved PEFGG constriction zone, a strong transverse electrostatic field exists sequence. The α-helix was deleted and the two glycines in that is caused by acidic residues in loop L3 and a cluster of the PEFGG sequence were either replaced by alanines or basic residues in the barrel wall opposite the internal loop deleted. A serine residue, supposed to play an indirect role (Karshikoff et al., 1994) . Compared with the OmpF and OmpC in the anion selectivity of the pore, was removed. The sequences, PhoE possesses an extra serine residue in L3 at mutant porins were analysed both in vitro and in vivo. The position 115 (121A in the numbering according to Cowan results suggest that flexibility of the third loop is important et al., 1992 , which is based on the OmpF sequence and for solute passage and that this flexibility is determined will be shown in parentheses). This insertion causes a local by the two glycine residues in the PEFGG sequence.
conformational deviation in the backbone (Cowan et al., 1992) , Furthermore, the α-helix is probably important for the allowing the side chain of lysine 125 (131), which determines folding of the protein. The supposed involvement of Ser115 to a large extent the anion selectivity of the PhoE pore (Bauer (Ser121A in OmpF nomenclature) in anion selectivity was et al., 1988) , to protrude in the channel cavity. Furthermore, confirmed.
analysis of the OmpF and PhoE channels suggests the existence Keywords: Escherichia coli/permeability/porin/structural stability/ of numerous electrostatic interactions between L3 and the voltage gating barrel wall. Therefore, L3 might have a stabilizing function in porin integrity (Karshikoff et al., 1994) . The turn in the third loop contains the sequence PEFGG (i.e. residues 109-113 in Introduction PhoE and 116-120 in OmpF), which is highly conserved in the enterobacterial and neisserial porins (Jeanteur et al., 1991) The outer membrane of Escherichia coli protects the cell from but not in those of R.capsulatus and R.blastica. While the Pro damaging agents such as bile salts, lipases and proteases. To residue initiates the turn, the Glu and Phe residues are involved allow the passage of nutrients, this membrane contains several in interactions with the barrel wall (Karshikoff et al., 1994) . porins, which form general diffusion channels. Various in vitro
The two glycines are probably conserved because of their and in vivo methods have been used to study pore functioning. unique torsion properties (Cowan et al., 1992) . Also in the The porins allow the diffusion of hydrophilic molecules with porin of R.capsulatus, two glycine residues are present near molecular weights up to~600 Da (Nakae, 1976) . They have the turn in loop L3 (Weiss et al., 1991) . Another interesting no specificity and selectivity only towards cations or anions.
segment is a short α-helix in the beginning of L3 (i.e. residues Two major cation-selective porins, OmpC and OmpF, are 98-105 in PhoE and 105-112 in OmpF) (Cowan et al., synthesized under standard laboratory conditions, while the 1992) . This secondary structure motif is structurally, but not anion-selective porin PhoE is produced under phosphate limitasequentially conserved in loop L3 of the R.capsulatus and tion . Some investigators have reported R.blastica porins, but its function remains unclear. potential-dependent closing of the pores (Schindler and Rosen- To gain further insight in the role of loop L3 in pore busch, 1981; Xu et al., 1986) , while others suggested that this functioning and biogenesis, we have now introduced mutations feature is an artefact of the methods used (Benz et al., 1978;  in the conserved regions of the loop and deleted the extra Sen et al., 1988) . In addition, polyamines (delaVega and residue S115 (121A) in PhoE. The effects of these mutations Delcour, 1995) and pressure (Le Dain et al., 1996) have been on assembly, stability and pore characteristics were analysed reported to induce pore closings. The molecular mechanism of the gating phenomenon remains unclear.
both in vitro and in vivo.
Materials and methods monomeric forms of PhoE, gels were run at a low amperage (20 mA) in a temperature-controlled room at 4°C.
Bacterial strains, phage and growth conditions
Enzyme-linked immunosorbent assay (ELISA) The E.coli K-12 strains CE1224 (Tommassen et al., 1983) and Intact CE1265 cells expressing plasmid-encoded wild-type or CE1265 (Korteland et al., 1985) are deleted for the phoE gene mutant PhoE porins were coated on the surface of the wells and do not express the related OmpF and OmpC proteins as of polystyrene microtitre plates. ELISAs were performed as a result of ompR mutations. Strain CE1265 contains in addition described earlier (van der Ley et al., 1985) . PhoE protein was the phoR18 mutation resulting in constitutive expression of detected with mAb PP4-1. the pho regulon. Plasmid-encoded PhoE expression in CE1224 cells was induced at 37°C in a synthetic medium in which Pulse-chase experiments the phosphate concentration can be varied (Tommassen and Plasmid-containing derivatives of strain CE1224 were grown Lugtenberg, 1980) , while expression in CE1265 cells was under phosphate limitation and labelled with [ 35 S]methionine obtained in L-broth (Tommassen et al., 1983) at 37°C. Sensitivfor 30 s at 37°C (Bosch et al., 1986) . After a chase period ity of strains to the PhoE-specific phage TC45 (Chai and with an excess of non-radioactive methionine, 0.6 ml samples Foulds, 1978) was determined by testing for plaque formation.
were quickly frozen in liquid nitrogen. One volume of buffer (end concentrations, 0.5% Triton X-100, 5 mM EDTA and 50 Plasmids and site-directed mutagenesis mM Tris-HCl, pH 7) containing trypsin (50 µg/sample) was Plasmid pJP29 (Bosch et al., 1986) codes for wild-type PhoE added and the suspension was kept on ice for 30 min. An protein and for chloramphenicol transacetylase. This plasmid excess of the protease inhibitor phenylmethylsulfonyl fluoride was used as a template for site-directed mutagenesis in a two-(20 µM) was added and the pellet, obtained after 15 min of step polymerase chain reaction (PCR) method (Mikaelian and centrifugation in a microtube centrifuge, was dissolved in Sergeant, 1992) . Restriction fragments of the PCR products sample buffer and incubated at various temperatures before were substituted for the corresponding fragments in pJP29 and SDS-PAGE. The gels were dried and exposed to an X-ray film. the mutations were checked by sequence analysis using a T7
Antibiotic sensitivity and uptake experiments DNA polymerase sequencing kit (Pharmacia). The resulting Sensitivity to antibiotics was examined by measuring the zone plasmids were pVG16 [deletion G112 (119)-G113 (120) The rates of permeation of the β-lactam envelopes were incubated for 45 min at 40°C in a buffer antibiotics cefsulodin, cephaloridine and ampicillin (Overbeeke containing 2% SDS and peptidoglycan-associated protein comand Lugtenberg, 1982) through the outer membrane of intact plexes were collected by ultracentrifugation. PhoE was dissocicells were determined as described. The uptake of CENTA ated from the peptidoglycan by incubation for 45 min at 40°C (Jones et al., 1982) was determined as follows. An overnight in the 2% SDS buffer, supplemented with 0.6 M NaCl. After culture of cells containing the mutant plasmids was washed ultracentrifugation, extracted trimers were collected by ethanol once with buffer A (10 mM HEPES, 5 mM MgCl 2 , pH 7) and precipitation and redissolved in a buffer containing 20 mM resuspended in buffer A at an OD 660 of 0.5. To 1 ml of cell Tris-HCl, pH 8, and 0.1% SDS. For the bilayer experiments, suspension, 100 µl of CENTA (0.5 mg/ml buffer A) was added porins were further purified by preparative SDS-PAGE. After and the ∆A 400 was followed for 4 min. Possible leakage of SDS-PAGE and Coomassie staining of a side strip of the gel, periplasmic β-lactamase was controlled by measuring the ∆A 400 the part of the unstained gel containing the trimers was cut after addition of CENTA to the supernatant of 1 ml of cell out, crushed and protein was eluted by 4 h incubation in a buffer suspension. Strains were transformed with pBR322 (Bolivar containing 1% octyl-polyoxyethylene (Alexis, Läuflingen) and et al., 1977) to obtain a high level of β-lactamase in the 20 mM Tris-HCl, pH 8.0. Gel parts were removed by a short periplasm. spin and the supernatant, containing the eluted trimers, was
Planar lipid bilayer experiments additionally centrifuged for 5 min at 14 000 r.p.m. to remove any residual acrylamide particles.To study temperature stability Planar lipid bilayers were formed across a pierced (diameter in the presence of 2% SDS, outer membrane-extracted porins 150 µm) Teflon membrane, pretreated with a solution of nwere incubated at various temperatures for 10 min in sample hexadecane in n-hexane (1:40 v/v). Bilayer formation and buffer (Lugtenberg et al., 1975) before analysis by SDS-PAGE conductance measurements were performed as described (Mon- (Lugtenberg et al., 1975) and Western immunoblotting (Towbin tal and Mueller, 1979; Schindler, 1980) . Purified porins were et al ., 1979) . The monoclonal antibodies used to detect PhoE added to the aqueous subphase and insertion was monitored protein on the nitrocellulose membranes were PP4-1 and mE2-by measuring the membrane current. All experiments were 1, recognizing a conformational epitope in the folded protein performed at room temperature. Channel conductivity and and a linear epitope in the denatured monomers, respectively critical voltage measurements were made in 1 M NaCl, 5 mM CaCl 2 , 10 mM Hepes, pH 7.4. Ion selectivities were determined (both kindly provided by M.Kleerebezem). To detect folded by measuring the transmembrane potential generated in the same buffer containing 1 M NaCl in the cis-cell and 0.1 M NaCl in the trans-cell. Selectivities are expressed as the ratio of the permeabilities of Na ϩ and Cl -ions, P Na /P Cl (Benz et al., 1978) . Protein modelling by e-mail The Swiss-model program (Peitsch, 1995) was used to model the structures of the mutant PhoE proteins. The frame structures used for modelling were wild-type PhoE and OmpF (Cowan et al., 1992) and OmpF-G119D (Jeanteur et al., 1994) . The graphics program MOLSCRIPT was used to visualize the modelled structures (Kraulis, 1991) .
Results

Folding and trimerization of the mutant proteins
To study the role of the third loop of PhoE in pore functioning, several mutations were introduced in the conserved regions of this loop. In the PEFGG sequence which comprises residues 109-113 in PhoE (116-120 in OmpF), the two glycine residues were removed (∆G112-G113) or replaced by alanines (G112A,G113A). The α-helical segment, comprising residues 98-105 (105-112), was deleted (∆L98-T105). Finally, the extra serine residue in PhoE (as compared with OmpF) at position 115 (121A), whose presence might allow the selectivity-determining Lys125 (131) to protrude into the pore (Cowan et al., 1992) , was deleted (∆S115).
The expression of the various mutant proteins after overnight growth of the plasmid-containing derivatives of strain CE1265 was analysed by SDS-PAGE. The amount of the mutant PhoE proteins expressed was equal to that of the wild-type protein in vivo pulse-chase experiments were performed and the formation of trypsin-resistant, i.e. correctly folded, PhoE molecules (Tommassen and Lugtenberg, 1984) , was followed no folded monomers were observed, even after longer exposure of the gels. While wild-type and ∆S115 trimers were stable at ( Figure 2 ). After trypsin treatment, the membranes were recovered by centrifugation and samples were incubated at 56°C, part of the trimers of the mutant proteins ∆G112-G113 and G112A,G113A denatured after heating at this temperature three different temperatures prior to SDS-PAGE. The unheated sample allows the detection of trimers and of folded monomers, (Figure 2, compare lanes a and b) . The altered stability of the folded forms of several mutant proteins as detected in the which are distinguishable from the denatured monomer by their higher electrophoretic mobility (de Cock et al., 1990) .
pulse-chase experiments prompted us to investigate the thermal stability in further detail. Trimers isolated from the outer Heating for 10 min at 56°C results in denaturation of the folded monomers but not of correctly assembled trimers. membrane were incubated for 10 min at various temperatures in sample buffer, containing 2% SDS, prior to SDS-PAGE Finally, heating at 100°C results in the denaturation of all folded proteins. The wild-type and all mutant proteins ( Figure  (Figure 3) . Wild-type trimers were stable in 2% SDS at 75°C, whereas the trimers of mutant protein ∆S115 were partially 2) folded into a trypsin-resistant form. After 2 min chase, the amount of the proteins inserted into or associated with the denatured after incubation at 70°C. The trimers of the mutant proteins ∆G112-G113 and G112A,G113A disintegrated at outer membrane in a trypsin-resistant form was maximal. A small amount of trypsin-resistant protein, but no folded forms, temperatures between 60 and 65°C.
To verify further whether the mutant proteins were correctly was detected in the case of the ∆L98-T105 mutant protein (Figure 2) . For both the wild-type PhoE and the ∆S115 protein, inserted into the outer membrane, the sensitivity of CE1265 cells expressing the mutant PhoE proteins from plasmids to folded monomers could be detected. However, the smear on the autoradiogram between the folded monomer and the the PhoE-specific phage TC45 was tested. All mutants, with the exception of those expressing mutant protein ∆L98-T105, denatured form of the ∆S115 protein (Figure 2) is probably caused by denaturation of the folded form during electrophorwere sensitive to phage TC45. Furthermore, all mutant proteins except ∆L98-T105 were detected on the cell surface in an esis and indicates, therefore, that the folded form of the mutant protein is less stable than that of the wild-type protein. In the ELISA with intact cells as immobilized antigens by the PhoEspecific mAb PP4-1, which recognizes a conformational, cell case of the mutant proteins ∆G112-G113 and G112A,G113A, Western blot immunodetection of ∆L98-T105 mutant protein and wild-type PhoE protein, extracted from the outer membrane as described in Materials and methods. Trimers (T) were detected with the conformation-dependent mAb PP4-1 and denatured monomers (M) with mAb Me2-1. Four times more cells were loaded on gel for the ∆L98-T105 mutant protein with respect to wild-type amounts. Samples were divided into two parts and incubated either at room temperature (lanes a) or at 100°C (lanes b) prior to SDS-PAGE. surface-exposed epitope. Together, these results confirm that the mutant proteins, except for the ∆L98-T105 mutant protein, are correctly assembled into the outer membrane.
To investigate whether the trimerization ability of the ∆L98-T105 mutant was drastically reduced or completely abolished, an excess of protein isolated from cell envelopes was loaded on an SDS-polyacrylamide gel and, after electrophoresis, analysed by Western blotting. In this way, a limited amount of trimers of the ∆L98-T105 mutant protein was detected (Figure 4 ; hardly visible), but it was only~10% of the amount obtained in the case of wild-type PhoE. Interestingly, trimers of the ∆L98-T105 mutant protein had a lower electrophoretic expressing either wild-type PhoE or the ∆S115 mutant protein was similar ( Table I ), indicating that the ∆S115 mutation did not affect the channel size. However, the uptake of cefsulodin, ampicillin and CENTA, all of which are negatively charged, was reduced in cells expressing the ∆S115 mutant protein, indicating a reduced anion selectivity of these mutant pores. Permeation of all antibiotics was considerably decreased for the cells expressing the ∆G112-G113 mutant protein, indicating a reduced channel size. A slower permeation of cephaloridine and of cefsulodin and ampicillin was observed in cells expressing the G112A,G113A mutant protein. However, these ( Figure 1) . However, the rate of uptake of all other, negatively The rate of uptake was calculated in nmol substrate/min per 10 8 cells. The value obtained for the wild-type was set at 100% and those for the mutants are expressed in % relative to the wild-type. Experiments were performed at least three times independently and the standard deviations are given. Owing to limited substrate availability, experiments with CENTA were done only once, except for experiments with mutant porin G112A,G113A which was performed twice. The result of the second experiment is shown in parentheses. charged antibiotics was increased compared with cells across the bilayers. Consistent with previous results (Benz et al., 1985) , the wild-type protein was anion selective (Table  expressing wild-type PhoE. The latter result may be explained either by assuming that the residual amount of proteins III). The deletion of residue Ser115 (121A) resulted in a slight decrease in anion selectivity, while an increased anion expressed forms large pores or that the permeability barrier of the outer membrane is partially lost by incorporation of selectivity was observed in the case of the G112A,G113A mutant protein (Table III) . The ∆G112-G113 and ∆L98-T105 misfolded proteins. However, both explanations are difficult to reconcile with the reduced uptake of cephaloridine and mutant proteins showed a similar selectivity to the wildtype protein. cefsulodin.
The permeability of the outer membrane of cells expressing At a certain threshold potential, pores tend to close. The critical closing potential of the wild-type protein was 135 mV the mutant porins was further tested in an antibiotic sensitivity assay, performed as described in Materials and methods. The (Table III) . Two mutant proteins, ∆G112-G113 and ∆S115, showed an asymmetric behaviour in the critical closing potencells expressing the ∆L98-T105 mutant protein showed an increased sensitivity for the negatively charged antibiotics tial. However, the values obtained at certain polarities in one experiment could be obtained at opposite polarities in another ampicillin, rifampicin and bacitracin (Table II) . Furthermore, this mutant revealed sensitivity towards SDS. No significant experiment. Thus, the asymmetry of the threshold potential was not correlated with the applied polarity of the potential difference in antibiotic sensitivity was observed for the other mutants compared with the wild-type (results not shown).
and also not with the side of the membrane from which the protein was added. Furthermore, the critical closing potential Channel properties in vitro of one polarity was influenced by the other polarity in the case To study the pore characteristics in further detail, the mutant of the ∆G112-G113 mutant protein ( Figure 5 ). For example, porins were purified and reconstituted in planar lipid bilayers. the critical closing potential at positive polarity of a channel In these experiments, wild-type PhoE porin had a singlethat closed at ϩ199 or at -149 mV was reduced to ϩ179 mV channel conductance of 0.63 nS in 1 M NaCl (Table III) and when the positive potential was preceded by a closing event showed a symmetrical behaviour with respect to the polarity at -149 mV. However, when the closing event at negative of the potential. Remarkably, the ∆S115 mutant protein showed potential was followed by a series of measurements at positive an asymmetric pore behaviour with a slightly increased or potential, the high critical closing potential of ϩ199 mV was decreased conductance relative to the wild-type protein at restored. The critical closing potentials of the G112A,G113A positive or negative polarity of the potential, respectively. and ∆L98-T105 mutant PhoE proteins were lower and higher, Deletion of the two glycine residues in the conserved PEFGG respectively, than that of the wild-type protein. sequence or their replacement by alanines resulted in a decreased conductivity of the channel. The conductance of Discussion the ∆G112-G113 mutant was decreased by 30%, while the conductivity of the G112A,G113A mutant was less drastically
The recent resolution of the 3D structures of various porins (Weiss et al., 1991; Cowan et al., 1992) has enormously affected. Surprisingly, the deletion of the α-helix in the third loop had no effect on the conductivity of the pores.
increased the applicability of site-specific mutagenesis to investigate the functional properties of the porin channels. The selectivity of the pores was determined in zero-current membrane potential measurements after applying a salt gradient Since loop L3 forms a constriction within the channel, it is (11) 175 Ϯ 7.0 (7) Values in parentheses are the number of observations. Selectivities are the means of the results of at least three individual experiments. ϩ and -are measurements at positive and negative polarity of potential, respectively.
between S115 (121A) and E248 (258) in the barrel wall (Karshikoff et al., 1994) . Interestingly, in contrast to the wildtype protein, the ∆S115 mutant exhibited an asymmetric electrochemical behaviour. Asymmetric pores have been described previously (Brunen and Engelhardt, 1993; Zizi et al., 1995) , but how the mutation affects the symmetry is not clear. One explanation is that the displacement of the side chain of Lys125 (131) results in a charge shift towards one end of the channel resulting in an asymmetric response to different polarities of the potential. This mutant protein showed an asymmetric voltage gating, independent of the applied polarity of the potential or of the side of the membrane to which the porins were presented. This result suggests that the porins can insert in both orientations. However, the conductance behaviour would then also be expected to be independent of polarity, which was not the case. At the moment we have no explanation for this discrepancy. reduced compared with the wild-type channels. Furthermore, for the G112A,G113A mutant protein, an increased permeation of the double negatively charged compound CENTA was suspected to be an important determinant of channel properties.
observed in vivo, suggesting an increased anion selectivity of Indeed, some amino acid substitutions in this loop have been this mutant pore. Indeed, the increased anion selectivity of the shown to affect channel properties Jeanteur G112A,G113A mutant protein was confirmed in vitro in zeroet al., 1994) . In the present study, four specific mutations were current membrane potential measurements, where the ∆G112-introduced in loop L3 of pore protein PhoE. The Ser115 G113 mutant porin exhibited wild-type selectivity proper-(121A) residue is an insertion in the PhoE sequence when ties.The observation that the ∆G112-G113 mutation decreased compared with the OmpC and OmpF sequences and this the permeability of the pore was surprising. Loop L3 forms a insertion was suggested to allow the side chain of Lys125 constriction within the pore and, thus, its size may affect the (131), which plays a critical role in the anion selectivity of exclusion limit. Previously, it has been shown that the insertion PhoE , to protrude into the channel cavity of additional amino acids in L3 of PhoE narrows the pore (Cowan et al., 1992) . Hence, deletion of Ser115 (121A) might (Struyvé et al., 1993) . Furthermore, deletions in L3 of OmpF affect the positioning of the side chain of Lys125 (131) and, and OmpC ; consequently, the selectivity of the pores. Indeed, the uptake Rocque and McGroarty, 1990) appeared to widen the channel. of negatively charged β-lactam antibiotics was reduced in
In an attempt to understand the decreased permeability, a strains expressing the ∆S115 protein. Also in vitro, after protein modelling program was applied. In the case of the reconstitution of the mutant porin in planar bilayers, a reduced ∆G112-G113 mutant protein, the modelling program predicted anion selectivity was observed. These results indicate that the a drastic displacement of the side chain of residue Phe111 mutation indeed affects the positioning of the side chain of (118), resulting in a decreased channel size ( Figure 6A ). This Lys125 (131). This displacement apparently had no drastic could explain the decreased permeability of the ∆G112-G113 effect on the biogenesis or stability of the mutant porins. The mutant porin as well as the impaired thermal stability of the minor effects observed (slightly less stable folded monomers, Figure 2 ) could be explained by the loss of a salt bridge protein. Amino acid residues Glu110 (117) and Phe111 (118) are involved in a hydrogen-bonding network with residues in Moreover, when preceded by a closing event at the low threshold potential, the value of the high critical closing the barrel wall (Karshikoff et al., 1994) . Hence displacement of these residues would disturb these interactions and may potential dropped, but it could be restored after a relaxation period. The fact that pre-exposure to one polarity of potential influence the barrel integrity. Protein modelling did not reveal a drastic change in the pore diameter of the G112A,G113A affects the response to the opposite polarity suggests that side chains of residues in the constriction zone are subjected to mutant protein and the backbone of L3 of this mutant protein was almost unaltered compared with that of wild-type PhoE conformational changes under influence of a potential. Possibly, a decreased flexibility of (part of) loop L3 by the mutation of pore protein ( Figure 6A ). The altered channel properties of this mutant protein may be explained by a change in the the glycine residues is responsible for the slow response on changing polarities. Insertions in both orientations seemed to flexibility of loop L3. It has been proposed that the two glycine residues near the tip of the loop are conserved because of the be obtained since asymmetric critical closing potentials were independent of the applied polarity of potential. Neither in unique torsion properties of these residues (Cowan et al., 1992) . Molecular dynamics perturbation studies (Björkstén asymmetric conductance (Table III , ∆S115) nor in asymmetric voltage gating (Table III , ∆S115 and ∆G112-G113) were two et Soares et al., 1995) suggested that a part of loop L3 from R.capsulatus porin, adjacent to two glycine residues, porin populations with different values observed within a single experiment since all molecules in the lipid bilayer is flexible. This part of the loop may well correspond to the L3 region of PhoE just behind the PEFGG sequence. Flexibility behaved identically. These results suggest that once the insertion of a porin has taken place, all following molecules are of loop L3 may be involved not only in closing of the pores as discussed by Soares et al. (1995) , but also in the permeation inserted in the same direction. Zizi et al. (1995) reported that the first inserted channel of the mitochondrial porin VDAC of solutes through the channel. Possibly, flexibility of part of L3 stabilizes the charges on dehydrated molecules or positions directed the orientation of subsequently inserted proteins. Unidirectional insertions in planar lipid bilayers have also entering molecules favourably within the channel lumen. Consequently, loss of flexibility would result in decreased been observed for PhoE of E.coli (Dargent et al., 1986) , OprD2 of Pseudomonas aeruginosa (Isshii and Nakae, 1993) and permeability. It is not clear why the G112A,G113A mutant protein shows an increased anion selectivity. Although no
FhuA of E.coli (Bonhivers et al., 1996) . Previously, an increased threshold potential was observed in the case of a drastic changes were observed in the Swiss modelled backbone structure, an effect on side chains of other L3 residues cannot mutant form of OmpF, in which Gly119 in loop L3 was substituted by an Asp residue (Jeanteur et al., 1994) . It is not be excluded.
As with the ∆S115 protein, an asymmetric voltage gating clear why the critical closing potential of mutant protein G112A,G113A is decreased. Possibly, the altered side chain was observed with the ∆G112-G113 mutant protein, but the conductance behaviour was symmetric in this case (Table III) .
composition of this mutant protein induces a deviation of the
